Abstract Transplantation-associated thrombotic microangiopathy (TA-TMA) is an uncommon but severe complication in patients undergoing allogeneic stem cell transplantation (allo-SCT). However, the mechanism is unclear. From 2011 to 2014, 20 patients with TA-TMA, 20 patients without, and 54 patients with various other complications, including veno occlusive disease (VOD), graft-versus-host disease (GVHD), and infection, were recruited in the study. Plasma vWF antigen (vWFAg), vWF activity (vWFAc), and ADAMTS13 activity were determined in these patients by ELISAs and FRETSvWF73 assay, respectively. Plasma C3b, sC5b-9, and CH50 were also determined by ELISAs. Plasma levels of C3b were significantly increased in patients with either TA-TMA (p < 0.0001) or GVHD (p < 0.01). Plasma sC5b-9 and CH50 levels in patients with TA-TMA were also significantly increased (p < 0.001). Plasma ADAMTS13 activity was lower in patients with VOD, but normal with other complications. Both plasma vWFAg and vWFAc levels were not elevated in patients with TA-TMA or VOD compared with those of other groups. Complement activation likely via an alternative pathway (increased C3b, sC5b-9, and CH50) may play a role in the pathogenesis of TA-TMA. ADAMTS13 activity is reduced in VOD, but the ADAMTS13/vWF axis appears to be unaffected in patients with TA-TMA.
Introduction
Transplantation-associated thrombotic microangiopathy (TA-TMA) is a potentially fatal complication following allogeneic stem cell transplantation (allo-SCT) [1, 2] . While it was recognized as a complication after allo-SCT in the early 1980s, its pathogenesis remains unclear [3] [4] [5] . Studies suggest that multiple factors resulting in endothelial cell injury, specifically, the abnormity of the complement system contribute to the pathogenesis [6, 7] . Complement can be activated via a classical, a lectin, and an alternative pathway, leading to the deposition of complement component C5b-9 complexes on endothelial cells and resulting in cell injury [8] [9] [10] . Jodele et al. observed complement regulatory defects in six patients developed TA-TMA after SCT (including 3 auto-SCT and 3 allo-SCT) [2] . These patients exhibited a high prevalence of a heterozygous CFHR3-CFHR1 deletion (83%) compared to that in the donor population (33%) [11] . Three of the six patients with TA-TMA after allo-SCT also demonstrated the presence of factor H autoantibodies [2] . Another study also showed that allo-SCT recipients with multiple complement gene variants (≥ 3) were at high risk for development of TA-TMA [12] . These results implied that increased numbers of complement gene variants predispose to TA-TMA, which contributes to the transplant-related mortality [12] . Arteriolar C4d deposition was found in the kidney disease following SCT [13] . Recently, an anti-C5 monoclonal antibody, eculizumab, has been used to treat TA-TMA with success [14] [15] [16] . Six children with severe TA-TMA were treated with eculizumab and four achieved remission over time [15] . Another study showed that eculizumab treatment in 12 TA-TMA patients led to hematological response and increased overall survival from 33 to 50% [14] . Thus, activation of the complement system may play a critical role in pathogenesis of TA-TMA. However, TA-TMA has a similar clinical manifestation to autoimmune thrombotic thrombocytopenic purpura (TTP) with severe ADAMTS13 deficiency [1, 2] . Because of the difficulty in making diagnosis, the incidence of TA-TMA was reported to be from 0.5 to 76% and the mortality of 60-90% [2, 6, 17] . Although some TA-TMA patients respond to instant plasma exchange treatment, most survivals have suffered from long-term complications, including hypertension, chronic kidney disease, gastrointestinal or central nervous system disease, and pulmonary hypertension [6, 18] , which dramatically impacts the quality of life. Moreover, TA-TMA is often undistinguished from other complications associated with allo-SCT, including GVHD, severe infection, and veno occlusive disease (VOD) [19] . While severe deficiency of ADAMTS13 activity is diagnostic for autoimmune TTP [20] , TA-TMA patients usually have normal to modestly reduced plasma ADAMTS13 activity [21] . Therefore, assays for plasma ADAMTS13 help differential diagnosis and guides for therapy, but we still could not ignore those TA-TMA patients with anti-ADAMTS13 antibody.
In the present study, we determined the plasma levels of complement activation markers including C3b, sC5b-9, and CH50 and the levels of von Willebrand factor (vWF) antigen, collagen-binding activity, and ADAMTS13 activity in 20 patients with TA-TMA following allo-SCT and compared the results to those of 74 other patients without and with various other complications following allo-SCT. These include 20 patients receiving allo-SCT but no complications, 14 with VOD, 20 with GVHD, and 20 with severe infection. Statistical analysis was performed to assess the contribution of various biomarkers in pathogenesis of TA-TMA.
Materials and methods

Patients
Twenty patients diagnosed as TA-TMA who received allo-SCT at the first affiliated hospital of Soochow University from June 2011 through June 2014 were enrolled in this study. TA-TMA was diagnosed according to the criteria proposed by Cho et al. [22] . The criteria include the following: schistocytes ≥ 2 per high-power field in peripheral blood, increased lactate dehydrogenase (LDH), thrombocytopenia < 50 × 10 9 /L or a 50% decrease in platelet count, decreased hemoglobin, negative of Coombs test, decreased haptoglobin, and no coagulopathy.
Seventy-four other patients following allo-SCT were randomly selected as control subjects including 14 cases of VOD, 20 cases of severe infections, 20 cases of 3-4 grade GVHD, and 20 cases with no complications. All the patients provided written informed consent for the protocol, which was approved by our hospital's Ethics Committee. Patients in the control group were matched with TA-TMA group for gender, age, and disease characteristic. Peripheral blood samples were collected and anti-coagulated with EDTA. Samples were then centrifuged at 800g for 10 min at room temperature to collect the supernatants that were stored at − 80°C for further assessments.
Conditioning regimen and GVHD prophylaxis
Both myeloablative [23] and reduced-intensity conditioning (RIC) [24] were applied for allo-SCT in our center. Two major myeloablative regimens included: (1) modified Bu/Cy regimen: Me-CCNU, cytarabine, busulfan, and cyclophosphamide, (2) modified TBI/Cy regimen: Me-CCNU, fractional total body irradiation (TBI), and cytarabine. The RIC regimen was composed mainly of fludarabine, cytarabine, and busulfan. Seventy-one percent of the patients received the modified Bu/Cy regimen. The modified TBI/Cy regimen was employed for patients with lymphoid malignancies and extramedullary diseases, while the RIC regimen for patients of advanced age or poor performance.
GVHD prophylaxis consisted of cyclosporine A (CsA) and short-term methotrexate (MTX), along with mycophenolate mofetil as well as antithymocyte globulin for unrelated and haploidentical donor SCT.
Selection criteria for comparison analysis
In order to determine the value of parameters in the panel, we set four control groups from the whole cohort for comparison analysis: VOD group: patients diagnosed as VOD according to the Baltimore Criteria [25] ; GVHD group: patients with grades 3-4 GVHD as confirmed pathologically and graded using the International Bone Marrow Transplant Research criteria [26] ; infection group: Infectious complications were defined by clinical and laboratory parameters [27] ; and noncomplications group: patients without clinical and laboratory indications of post-SCT complications including relapse, TA-TMA, VOD, GVHD, infections, and rheumatic diseases. We also remove cases with the overlap between those complications above.
Assays for plasma C3b, sC5b-9, and CH50 levels Plasma samples were collected at two time points: before conditioning (BF) and at the onset of complications (AF). Samples were taken at Bevent diagnosis^when diagnosis of TMA, VOD, and GVHD was made clinically. For patients of non-complications group, plasma of AF was collected at 100 days of post SCT for well state of patients. Plasma levels of C3b, sC5b-9, and CH50 were determined by ELISA (Xitang, Shanghai, China) according to the manufacturer's instruction.
Assays for plasma vWF antigen and activity
Plasma vWF antigen was determined by latex immunoassay (LIA). Plasma vWF activity was determined by collagenbinding assay using rabbit-anti-human vWF antibody (DAKO, NY, USA) for detection and type III collagen from placenta (Thermo, NY, USA) for capturing.
Assay for plasma ADAMTS13 activity
Plasma ADAMTS13 activity was determined by fluorescence resonance energy transfer (FRETS)-vWF73 according to the method described previously [28, 29] .
Statistical analysis
Statistical analyses were performed with SPSS 22.0 (IBM, Chicago, IL) and GraphPad Prism7 (La Jolla, CA). Differences of panel parameters among the groups were analyzed by non-parametric Kruskal-Wallis test. P values less than 0.05 were considered statistically significant between the groups.
Results
Patients
There is a total of 94 patients with male to female ratio of 53 is to 41, and the mean age is 31.4 ± 13 years old. Twenty patients had no complications, 20 had infection, 20 had 3-4 grade GVHD, 14 had VOD, and 20 had TMA. The mortality rates were 55% (TMA), 42.9% (VOD), 40% (infection), 55% (3-4 grade GVHD), and 5% (non-complications). Among 20 patients with TA-TMA, all the patients have been found with decreased hemoglobin thrombocytopenia (platelet < 50 × 10 9 / L), schistocytes ≥ 2 per high-power field in peripheral blood, and increased lactate dehydrogenase (LDH) (18 patients > 800 U/L, 2 patients > 600 U/L). In addition, 10 patients got psychosomatic manifestations.
No obvious alterations of vWF/ADAMTS13 axis in TA-TMA Plasma vWF antigen, vWF activity, and ADAMTS13 activity were not different among various groups except for the reduced levels of plasma vWF activity in patients with GVHD prior to conditioning and the reduced levels of ADAMTS13 activity in patients with VOD (Table 1 and Fig. 1 ). These results suggest that vWF and ADAMTS13 activities were not altered in TA-TMA patients, but ADAMTS13 may be important for the development of VOD after allo-SCT.
Plasma C3b, sC5b-9, and CH50 levels were significantly increased in patients with TA-TMA When compared with those before conditioning or those with no complications following allo-SCT, plasma C3b, sC5b-9, and CH50 levels were significantly increased in patients with TA-TMA (p < 0.001). We also found C3b level increased in patients with GVHD (p < 0.01). No statistically significant difference among all other groups was detected (all p values > 0.05) ( Table 1 and Fig. 2 ). These results demonstrated that plasma C3b, sC5b-9, and CH50 levels may be a specific biomarker for TA-TMA following allo-SCT and C3b may also be a biomarker of GVHD.
Discussion
TA-TMA is a potentially fatal syndrome with a similar clinical feature to atypical hemolytic uremic syndrome (aHUS) and TTP. The pathogenesis of TA-TMA is not fully understood. In the present study, we find that plasma levels of C3b, sC5b-9, and CH50 are significantly increased in patients with TA-TMA compared with those with other complications or no complications following allo-SCT.
Factor H autoantibodies or gene variations or mutations are present in some patients with TA-TMA after SCT [12, 30] . Our findings suggest a role of complement activation in pathogenesis of TA-TMA following allo-SCT. Therapeutic intervention with anti-complement monoclonal antibody may be helpful in reducing morbidity and mortality.
Prompt and accurate diagnosis of TA-TMA following allo-SCT remains to be a challenge [5, 31] . Two different definitions for TA-TMA are proposed by the Blood and Marrow Transplants Clinical Trials Network (CTN) and International Working Group (IWG) [32, 33] . These different diagnostic criteria poss a further challenge for assessing the sensitivity and specificity for a given diagnostic test. In our study, we adopted Cho's diagnostic criteria, which does not require the presence of renal or neurologic findings for diagnosis [22] . The mortality rate in our cohort with TA-TMA is nearly 55%, which is similar to what has been reported in the BF and AF indicate before and after complication occurred, respectively TMA thrombotic microangiopathy, VOD venous occlusive disease, Inf infection, GVHD graft-versus-host hyperreactivity disease, None no complication controls *p < 0.05; **p < 0.01; ***p < 0.001 literature [1, 6, 32, [34] [35] [36] . The high mortality rate of TA-TMA patients calls for an urgent need of early biomarkers for diagnosis, thereby a specifically targeted therapy should be given for these patients. In summary, plasma C3b levels are significantly increased in TA-TMA and GVHD patients, while sC5b-9 and CH50 increased specifically in TA-TMA. Plasma ADAMTS13 activity is significantly reduced in patients with VOD, additionally, the elevated levels of plasma C3b, sC5b-9, and CH50 levels may be useful biomarkers for the early diagnosis of TA-TMA and GVHD. Our findings suggest the rationale for potential benefit of early use of anti-complement therapy in patients with probable TA-TMA. A multi-central trial will be critical to determine the efficacy of such an intervention to reduce the mortality rate associated with complications following allo-SCT.
